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T h i s  Memorandum, u s i n g  a v a i l a b l e  d a t a  on Mars, h e l p s  t o  prepare 

the  way f o r  ex tens ive  numerical  c a l c u l a t i o n s  of  t h e  gene ra l  c i r c u l a -  

t i o n  t o  be conducted la ter  by another  RAND r e s e a r c h e r .  

o t h e r  s t u d i e s  i n  f ind ing  t h a t  t h e  Mart ian s u r f a c e  i s  f i n e l y  powdered 

and demonstrates  how rad iomet r i c  measurements can  be used f o r  such 

purFoses.  It was prepared f o r  t he  Nat iona l  Aeronaut ics  and Space 

Adminis t ra t ion  under Cont rac t  NASr-21(07). 

It suppor t s  
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ABSTRACT 

d&JV 
A s  measured by S i n t o n  and Strong,  t h e  v a r i a t i o n  of i n f r a r e d  

emiss ion  from the  s u r f a c e  o f  Mars with l o c a l  t ime on Mars i s  he re  

i n t e r p r e t e d  i n  terms of  { s i m p l i f i e d  theory of d i u r n a l  temperature  

v a r i a t i o n s ,  i n  which t h e  e f f e c t  of the atmosphere i s  inc luded .  

r e s u l t s  suggest  a very  law thermal  conduct iv i ty  f o r  t h e  upper few 

cen t ime te r s  of t he  Mar t ian  ground. Such law c o n d u c t i v i t i e s  appear  

t o  be p o s s i b l e  only  i f  the  material composing these  l a y e r s  i s  very  

f i n e  powder having a c h a r a c t e r i s t i c  s i z e  of n o t  more than  a few 

microns.  I f  a l i n e a r  r e l a t i o n s h i p  i s  assumed between convec t ive  

h e a t  t r a n s f e r  and s u r f a c e  temperature ,  t h e  a p p r o p r i a t e  cons t an t  of 

p r o p o r t i o n a l i t y  i s  on t h e  o rde r  of 

The 

2 c a l  per  c m  s e c  deg. dJ),&d 
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I. INTRODUCTION 

I I n  ana lyz ing  t h e i r  obse rva t ions  of t h e , v a r i a t i o n  w i t h  l o c a l  

t i m e  of Ithe apparent  s u r f a c e  temperature on Mars6 S in ton  and S t rong  

(1960) f i n d  i t  impossible  t o  match both the  ampli tude and t h e  phase 

found i n  the  obse rva t ions  wi th  a theory t h a t  n e g l e c t s  conduct ion and 

convect ion of hea t  i n t o  t h e  atmosphere.' They sugges t  t h a t  a n i a n a l y s i s  

t h a t  i nc ludes  atmospheric  processes  could determine something about  

t h e  meteorology of t h e  p l ane t .  This  paper i s  a n  a t t empt  t o  ca r ry  

out  such a n  a n a l y s i s ,  u s i n g  a simple theory  of t he  s u r f a c e  tempera- 

t u r e  v a r i a t i o n ,  developed by L h n q v i s t  (1962, 1963).  
\ 
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11. DETERMINATION OF THE THERMAL PARAMETERS 

Lldnnqvist assumes t h a t  a simple h e a t  conduct ion l a w  w i t h  thermal  

conduct iv i ty ,  k, d e s c r i b e s  t h e  h e a t  flow i n  t h e  ground, w h i l e  Newton’s 

l a w  of cool ing  d e s c r i b e s  i n t e r a c t i o n  among t h e  s u r f a c e ,  atmosphere,  

and space. Thus t h e  h e a t  balance boundary c o n d i t i o n  a t  the  ground, 

z = 0, i s  given by 

where To i s  t h e  temperature ,  S i s  t h e  s o l a r  r a d i a t i o n  f l u x ,  and h 

and T a r e  parameters r e l a t e d  t o  r a d i a t i v e  processes  as w e l l  as t o  

conduction and convect ion i n  t h e  atmosphere.  T h e i r  i n t e r p r e t a t i o n  

h 

w i l l  be  c l a r i f i e d  i n  S e c t .  4 .  Although Eq. (1) i s  perhaps t h e  

s i m p l e s t  boundary c o n d i t i o n  t h a t  can i n c l u d e  t h e  e f f e c t  of 

atmospheric h e a t  t r a n s f e r ,  i t s  a p p l i c a b i l i t y  t o  t h e  problem o f  

t h e  t e r r e s t r i a l  d i u r n a l  temperature  wave h a s  been demonstrated by 

Lonnqvist (1963) under a v a r i e t y  of c o n d i t i o n s .  
1 1  

The temperature  i n  t h e  ground and t h e  s o l a r  r a d i a t i o n  f l u x  are 

represented  by F o u r i e r  series i n  t i m e :  

W 

T = Tm + C (p j  cos j w t  + q j s i n  j u t )  
j=1 

00 

S = b -+ C (bj  cos j w t  + a s i n  j w t )  , ( 3 )  
O j s l  j 
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and i t  i s  f u r t h e r  assumed t h a t  S i s  p ropor t iona l  t o  the  cos ine  of  

t h e  angle  of inc idence  of t he  s o l a r  r a d i a t i o n ,  s o  t h a t  

S = C(s in  (p s i n  6 + cos cp cos 8 cos w t )  (4  1 

f o r  t a n  cp t a n  8 + cos w t  > 0 , 

s = o  

< f o r  t a n  cp t an  8 + cos C o t  = 0 , 

where (p i s  l a t i t u d e ,  6 i s  s o l a r  d e c l i n a t i o n ,  C t h e  s o l a r  cons t an t ,  

and w t he  angu la r  frequency of r o t a t i o n  of the  p l ane t .  Eqs. ( 4 ) ,  (4a) 

are v a l i d  i f  a tmospheric  a t t e n u a t i o n  of s o l a r  r a d i a t i o n  i s  n e g l i g i b l e .  

From the  h e a t  conduct ion equa t ion ,  and the  boundary cond i t ion  Eq. (l), 

i t  follows t h a t  

+ ( 1 + -  B”,) cos 4} ’ 
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where 

1 /2 P = (1/2 pckru) , 

p and c are t h e  d e n s i t y  and s p e c i f i c  h e a t  of  t h e  ground, 

m = s in  cp cos  6 

n = cos  cp s i n  S 

T = ru cos  (-m/n) , -1 -1 

and the mean temperature ,  Tm, i s  g iven  by 

b = h(Tm - T h )  
0 

i n  t h e  absence o f  any d i u r n a l l y  averaged temperature  g r a d i e n t  i n  t h e  

ground. It fol lows t h a t  a l l  t h e  p r o p e r t i e s  of  t h e  d i u r n a l  temperature  

wave depend on t h r e e  parameters :  h/P, m/n, and nC/rrP. F igure  1 shows 

t h e  dependence of two of  t h e s e  p r o p e r t i e s  on h /P :  t h e  phase l a g  of  

t h e  maximum temperature  a f t e r  l o c a l  noon, and t h e  a b s o l u t e  d i u r n a l  

temperature  range i n  u n i t s  of  (nc/nP) f o r  t h e  case m = 0, corresponding 

t o  e q u a t o r i a l  equinox c o n d i t i o n s .  We see t h a t  b o t h  phase l a g  and 

temperature range f o r  a g iven  v a l u e  of  (nC/rrg) decrease  monotonical ly  

w i t h  i n c r e a s i n g  h / p ;  t h e s e  two curves  provide a guide f o r  f i t t i n g  

observed ground temperature  v a r i a t i o n s .  

Figure 2 i l l u s t r a t e s  a n  a t t e m p t  t o  f i t  t h e  o b s e r v a t i o n s  of S i n t o n  

and St rong  by a d j u s t i n g  (nC/nP) and (h/p)  w i t h  (m/n) = 0. (Their 

o b s e r v a t i o n s  were a l l  w i t h i n  a few l a t i t u d i n a l  degrees  of t h e  e q u a t o r . )  

W e  see t h a t  a good f i t  t o  t he  d a t a  i s  o b t a i n e d  w i t h  (h/$) = 6 ,  and 

(nC/nP) = 236.5, T = 226. A somewhat less  s a t i s f a c t o r y  f i t  i s  

obta ined  with (h/P) = 10, and (nChP)  = 379.  

m 

The f i g u r e  a l s o  shows 
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d a t a  p o i n t s  from S i n t o n  and S t r o n g  for  o b s e r v a t i o n s  mainly on dark  

areas, and some p o i n t s  from G i f f o r d ’ s  a n a l y s i s  (1956) of  ea r ly  Lowell 

Observatory observa t ions  by Coblentz and Lampland. Table  1 summarizes 

t h e  v a l u e s  of h,  ( p ~ k ) ” ~ ,  and k i f  pc = . 30  cals/cm3 OK corresponding 

t o  t h e s e  d a t a ;  t h e  v a l u e s  f o r  G i f f o r d ’ s  d a t a  and t h e  dark  area d a t a  

are estimates based on F ig .  1. 

a b l e  s o l a r  c o n s t a n t ,  c o r r e c t e d  f o r  an a lbedo  o f  .15, i s  0.80 cal/cm 

It has  been assumed t h a t  t h e  a p p l i c -  

2 

min. Note t h a t  t h e  v a l u e s  of  (pck)’l2 from S i n t o n  and S t r o n g ’ s  d a t a  

l i e  between t h e  v a l u e s  suggested by t h e s e  a u t h o r s  when atmospheric  

e f f e c t s  are n e g l e c t e d  [.001 < ( p c l ~ ) ” ~  < .004 ] .  These v a l u e s  are 

t h e r e f o r e  n o t  very  s e n s i t i v e  t o  the assumed atmospheric  exchange 

process .  
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Table 1 

VALUES OF (h/p),  (nC/np), h ,  and ( p c k ) l I 2  CORRESPONDING TO 

FOUR DIFFERENT MODELS OF THE DIURNAL TEMPERATURE 

VARIATION OF THE MARTIAN SURFACE 

1 / 2  U n i t s  h and (pck) are cals  cgs 

0 The l a s t  row g ives  va lues  of  k i n  cals/cm s e c  K 

3 under the  assumption t h a t  p = 2 gms/cm , c = . 1 5  cals/gm OK. 

Parameter 

h 

( p c k ) l j 2  

k 

S in ton  and S t r o n g  
S in ton  and S t rong  (dark a r e a s )  G i f  f ord 

6 10 16 1.3 

236.5 379 389 50 

i . ~  1.0 1 . 6  x 1. o 
.0024 .0015 .0015 . O l l  

, I  . 2  x I .8 x .8 x 
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111. THE MARTIAN GROUND 

The va lue  pc . 3 0  cal/cm3 OK used i n  d e r i v i n g  the  va lues  of  

k i n  Table  1 may be cons idered  r e p r e s e n t a t i v e  of  powdery l imoni te ,  

o r  of f i n e  q u a r t z  sands.  

s t r o n g l y  suppor t  t he  hypothes is  t h a t  t h e  Mar t ian  s u r f a c e  c o n s i s t s  of 

f i n e l y  d iv ided  material. Measurements of p o l a r i z a t i o n  (Dolphus, 1961),  

a lbedo ,  and c o l o r  (Sharonov, 1961) suggest  some form of hydra ted  

f e r r i c  oxide such as l imoni te  a s  a primary c o n s t i t u e n t  of t he  su r face ,  

a l though o the r  materials cannot be r u l e d  ou t .  

The low va lues  of (pck) ' j2 i n  Table  1 

L i t t l e  in format ion  i s  a v a i l a b l e  on the  thermal  c o n d u c t i v i t i e s  of  

d r y ,  f i n e l y  d iv ided  s o i l s .  F igure  3,  based on Smoluchowski's d a t a  

as g iven  i n  I n t e r n a t i o n a l  Cri t ical  Tables  (Nat iona l  Research Counci l ,  

1926), shows t h e  p re s su re  v a r i a t i o n  of  t h e  thermal  conduc t iv i ty  of  s i x  

d i f f e r e n t  powders. 

regimes,  depending on the  p r e s s u r e :  (a) a t  p r e s s u r e s  g r e a t e r  than  

50 mm Hg, k has  a weak p res su re  dependence, and i t s  magnitude depends 

p r imar i ly  on the  p a r t i c u l a r  powder; (b)  a t  p r e s s u r e s  less than  

30 mm Hg, k has  a s t r o n g  p res su re  dependence and depends p r i m a r i l y  on 

p a r t i c l e  s i z e ,  wh i l e  be ing  almost independent of t he  p a r t i c u l a r  

pcwder. I n  t h e  l a t t e r  regime, over t he  p a r t i c l e - s i z e  range i n d i c a t e d ,  

t he  approximate r e l a t i o n  

There i s  a s t rong  sugges t ion  of two d i s t i n c t  

(where d i s  a c h a r a c t e r i s t i c  p a r t i c l e  dimension) appears  t o  hold .  

S e t t i n g  a s i d e  G i f f o r d ' s  temperature v a r i a t i o n  f o r  t he  moment, t h e  

shaded e l l i p s e  i n  F ig .  3 appears t o  r e p r e s e n t  f o r  Mars the  most 
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I 1  
l i k e l y  range of p re s su re  (Kaplan, Munch and Spinrad ,  1964) and thermal  

conduc t iv i ty .  Assuming t h a t  t h i s  region i s  i n  regime (b)  of thermal  

conduc t iv i ty ,  and t h a t  Eq. (7)  i s  approximately v a l i d ,  t he  deduced 

thermal  conduc t iv i ty  s t r o n g l y  supports  t he  hypothes is  t h a t  t h e  

Mar t i an  su r face  i s  composed of  f i n e l y  powdered m a t e r i a l ,  predominantly 

r ang ing  i n  s i z e  from a few t e n t h s  of a micron up t o  about  20 microns.  

This  ag rees  w i t h  p o l a r i z a t i o n  measurements (Dolphus, 1961) 

and estimates of p a r t i c l e - f a l l  v e l o c i t y  f o r  t h e  occas iona l  p l a n e t -  

wide yellow cloud obscura t ions  of  Mars (Ryan, 1964). The more 

f requent  and less prolonged yellow c louds  i n  t h e  v i c i n i t y  of t he  

subso la r  po in t  r e q u i r e  l a r g e r  p a r t i c l e s .  According t o  Ryan (1964), 

fur thermore,  i t  would be inc reas ing ly  d i f f i c u l t  t o  raise dus t  c louds  

as p a r t i c l e  s i z e  f a l l s  below a few hundred microns.  It i s  poss ib l e ,  

however, t h a t  though t h e  l a r g e r  p a r t i c l e s  may e x i s t  i n  r e l a t i v e l y  

l i m i t e d  r eg ions ,  t h e  s m a l l  p a r t i c l e s  predominate and can be r a i s e d  

only  under r e l a t i v e l y  rare condi t ions  of extreme wind. 

An even s t r o n g e r  argument e x i s t s  f o r  assuming t h a t  the  upper 

l i m i t  on the  predominant p a r t i c l e  s i z e  i s  i n  the  v i c i n i t y  of  1%. 

For any p o r o s i t y  o r  g r a i n  arrangement, theory  and experiment both 

i n d i c a t e  t h a t  the  thermal  conduct iv i ty  of porous materials l i e s  

between t h a t  of t h e  material and t h a t  of t h e  subs tance  f i l l i n g  the  

i n t e r s t i c e s .  

argon l i k e l y  t o  comprise the  Martian atmosphere) ,  t he  thermal 

conduc t iv i ty  i s  roughly 5 x 10 cals /cm K s e c .  S ince  t h i s  i s  

smaller than k f o r  any known s o l i d ,  i t  would g ive  a lower l i m i t  t o  

t h e  poss ib l e  conduc t iv i ty  of the Mar t ian  s o i l  i f  t he  pores  i n  the  

For a i r  (as f o r  any combination of n i t r o g e n ,  C02, and 

-5 0 
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s o i l  were l a rge  enough i n  comparison w i t h  the  f r e e  pa th  of t he  

i n t e r s t i t i a l  gas molecules  t h a t  a t r u e  continuum conduc t iv i ty  of t he  

pas would app ly .  The f a c t  t h a t  t he  va lue  of k de r ived  from S in ton  

and S t r o n g ' s  obse rva t ions  i s  below t h i s  lower l i m i t  i n d i c a t e s  t h a t  

t h e  pore s ize  (and hence the  g r a i n  s i z e )  must no t  be l a r g e  compared 

wi th  t h e  f r e e  pa th  of t h e  gas molecules  -- about  2 1.1 f o r  25 mb 

pressure .  

The theory  of  h e a t  conduct ion shows t h a t  t h e  ampli tude of t h e  

temperature o s c i l l a t i o n  i s  diminished by a f a c t o r  of  t e n  i n  a depth 

of  approximately ( 4 k / p ~ m > l ' ~ .  Using the  va lues  i n  the  f i r s t  t h r e e  

columns of Table  1, and the  equiva lence  pc = 0 . 3  cal/cm3 OK, we f i n d  

t h i s  depth t o  be about  3 c m  -- the  depth f o r  which t h e  deduced k i s  

r e p r e s e n t a t i v e .  

It  should be mentioned t h a t  G i f f o r d ' s  d a t a  sugges t  p a r t i c l e  

s i z e s  i n  the range of s e v e r a l  hundred microns.  S i n t o n  and S t r o n g ' s  

observa t ions  a r e  l i k e l y  t o  be more r e p r e s e n t a t i v e  because they were 

made with improved techniques ,  and because P e t t i t  (1961) r e p o r t s  

t h a t  he was unable  t o  d e t e c t  a phase l a g  of t he  d i u r n a l  temperature  

wave using a technique s imilar  t o  t h a t  used by Coblentz  and Lampland 

i n  ob ta in ing  the  d a t a  t h a t  G i f fo rd  d i s c u s s e s .  Add i t iona l  obse rva t ions  

t o  reso lve  t h i s  d i screpancy  would be u s e f u l .  
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IV. THE MARTIAN ATMOSPHERE 

Exchange of h e a t  among ground, atmosphere, and space c o n s i s t s  

o f  t h r e e  mechanisms: thermal emission of  the ground, back r a d i a t i o n  

of t he  atmosphere, and h e a t  t r a n s f e r  by conduct ion and convect ion i n  

t h e  atmosphere.  Because of  t h e  assumption of Newtonian cool ing ,  

t h e s e  h e a t  exchange processes  can be w r i t t e n  

4 h [To - Th] = g 6 I l 0  - E$, + hc [To - T a l  

where 6 is  the  i n f r a r e d  e m i s s i v i t y  of the ground, 

cons t an t ,  €$ i s  t h e  f l u x  of back r a d i a t i o n ,  and hc  

0 i s  S t e f a n ' s  

i s  a convect ive 

h e a t - t r a n s f e r  c o e f f i c i e n t .  The parameter T depends on t h e  tempera- 

t u r e  d i s t r i b u t i o n  i n  t h e  atmosphere. 

a tmospheric  tempera tures ,  w e  assume f o r  t h e  t i m e  be ing  t h a t  t h e  

v a r i a t i o n  of t h e  r e  levant  a tmospheric  tempera tures  i s  s m a l l  compared 

t o  t h e  v a r i a t i o n  of ground su r face  temperature  T . 
0 a 

may be taken t o  be cons t an t s .  The l i n e a r  convec t ive  h e a t - f l u x  l a w  

can be expected t o  be a good approximation f o r  forced  convect ion 

w i t h  s t eady  winds ( P r i e s t l e y ,  1959, p. 109). Now f o r  temperatures  

i n  the range 19O--29O0K, the  blackbody emission l a w  can be l i n e a r i z e d  

i n  the form 

a 

Though €$ a l s o  depends on the  

Then E$, and T 

em4 = e d  ( 4 . 6 0 ~  + e )  , 
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0 where T = 240 ,, x = (T - T ) k ,  and t h e  maximum v a l u e  of t h e  e r r o r , ,  e,, 

i s  0.16. With c = 0.9, t h i s  l e a d s  t o  

cCrrO4 NN -.0117 i- .000065T ,, 
2 i n  cal/cm sec. S ince  R i s  assumed independent of  temperature ,  t h i s  

implies  h = 0.35  x f o r  h = 10 , and h = 0.95 x f o r  

h = 1 . 6  x These are r a t h e r  s m a l l  b u t  n o t  unreasonable  v a l u e s .  

L h n q v i s t  has  i n t e r p r e t e d  h i s  theory  i n  terms of a more d e t a i l e d  

a n a l y s i s  o f  t he  forced  convect ion regime by L e t t a u  (1951), and he 

shows t h a t  t h e s e  v a l u e s  of h would imply a f r i c t i o n  v e l o c i t y  of t h e  

order  of 10 cm/sec v i r t u a l l y  independent of s u r f a c e  roughness.  

v e r y  smooth t e r r a i n  (such as  i s  l i k e l y  t o  be found on Mars) under 

t e r r e s t r i a l  condi t ions ,  t h i s  would imply c h a r a c t e r i s t i c  winds of  a 

few meters  per  second a t  a h e i g h t  of 2 m ( P r i e s t l e y ,  1959, p. 21). 

b 
-4 

C C 

C 

For 

The va lue  o f  h may be somewhat l a r g e r  i f  v a r i a t i o n s  of T and 
C a 

R w i t h  temperature  are taken  i n t o  account .  Suppose, f o r  s i m p l i c i t y ,  

t h a t  both T and t h e  temperature  c h a r a c t e r i z i n g  back r a d i a t i o n  

i n c r e a s e  l i n e a r l y  wi th  ground temperature  T 

t h e s e  two temperatures  remains smaller than  T . Then 

b 

a 

w h i l e  t h e  v a r i a t i o n  of 
0’ 

0 

Ta = a + bTo 

Rb - 

, 

- + c(dRb/dT) T o  , 

where 

Mar t ian  temperatures ,  and b ,  c < 1. Assuming t h a t  t h e  lower atmos- 

phere i s  near ly  opaque over  t h e  main p a r t  of  t h e  15-p bands of 

C 0 2  (600--750 cm ) and i s  t r a n s p a r e n t  e l sewhere ,  w e  f i n d  t h a t  

b ,  C, Rho, and (dRb/dT) are c o n s t a n t s  over  t h e  range of  

-1 
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2 0 (dRb/dT) . 35  x cal/cm s e c  K,  and 

-4 h C w .35 x 10 (1 + c ) / ( l  - b)  

By t e r r e s t r i a l  analogy,  t h e  r e p r e s e n t a t i v e  atmospheric  tempera tures  

a t  h e i g h t s  of a few meters  probably do no t  va ry  by as much as 50% 

of t h e  ground s u r f a c e  temperature ,  s o  t h a t  t hese  c o n s i d e r a t i o n s  

sugges t  a minimum h N .35  x cal/cm sec K, and a maximum 

h - 1.1 x cal/cm sec K. 

2 0 

C 

2 0 

C 

The forced  convect ion regime probably does n o t  e x i s t  throughout  

t he  Mar t ian  day, e s p e c i a l l y  a t  t imes of peak i n s o l a t i o n .  Never the less ,  

t h e s e  va lues  of h would give u s e f u l  l i m i t s  f o r  parameter iz ing  the  

g ross  e f f e c t s  of h e a t  exchange between t h e  Mar t ian  ground and 

atmosphere i n  s t u d i e s  of t he  Mart ian g e n e r a l  c i r c u l a t i o n .  

C 
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